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[57] ABSTRACT

A detecting system and method of determining the
position of a mobile point of interest in a m dimensional
coordinate system having an ultrasonic transmitter

mounted on the point of interest, and a plurality of

stationary ultrasonic receivers, the number being at
least m plus 2. The location of the receivers are deter-
mined optimally by using a linear matrix formulation.
Alternatively, the location of the receivers can be deter-
mined during installation or self-calibration of the sys-
tem. The system also includes receiver controlling
means for processing the received signal to generate
time of flight measurements which are used to eliminate
the speed of sound as a variable and to compute the
location of the point of interest. The controlling means
also generates phase measurements when prompted by
an outside source by comparing the transmitted signal
with a 40kHz pulse sync to refine the accuracy of the
location of the point of interest.

23 Claims, 6 Drawing Sheets
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1
POSITION DETECTING SYSTEM AND METHOD

FIELD OF THE INVENTION

This invention relates to a method and system for
determining the position of a point of interest and more

particularly to a system providing inherent self-calibra-
tion.

BACKGROUND OF THE INVENTION 10

Numerous types of position detection systems are
well known in the prior art. Generally, these systems
are configured to use techniques employing a single
transmitter and multiple receivers, estimating geometric
distances by the transmit-receive mode of ranging, to
measure the position of a target point. Most ultrasonic
systems are of the pulse-echo type and use highly direc-
tional transducers that are pointed toward the target
point to measure the position and distance of the target
point. With this technique, the distance between a trans-
mitter and a receiver is determined indirectly by mea-
suring the elapsed time, usually called the time of flight
(TOF), during which the signal generated at the trans-
mitter hits the receiver and bounces back to the trans-
mitter. This ranging technique is used mostly to mea-
sure distances in one dimension along the line perpen-
dicular to the transducer surface.

The most popular pulse-echo type system was built
by Polaroid which was designed to provide the distance
from a camera to the picture subject for the purpose of 30
focusing a lens. However, pulse-echo systems are not
very accurate because different reflection properties of
the targets affect the accuracy of the TOF. In addition,
ultrasonic beams spread as they travel away from the
transmitter, thus these systems are unable to effectively
point to a small target.

Acoustic ranging systems for applications in two-di-
mensional and three-dimensional space are produced
commercially by a few manufacturers. These products
use transducers operating in the transmit-receive mode
primarily for digitization applications. The coordinates
of a transmitter are calculated from its distance to vari-
ous receivers located outside the operating volume of
the digitizing unit. The distances are determined by
measuring the TOF of the ultrasonic pulse as it travels
from the transmitter to each receiver. Calculation of the
coordinates of the transmitter from these distances is
done using a simple triangulation operation.

For example, U.S. Pat. No. 4,991,148 issued to Gil-
christ discloses a three-dimensional acoustic digitizing
system employing two transmitters and four receivers
to determine the position of a target point. A different
technique was employed in U.S. Pat. No. 4,862,152
issued to Milner. In Milner, the distance between a
transmitter and several receivers were determined using 55
a transmitter responsive receiver frame, a plurality of
fixed receivers, and a controller port plug which pro-
vides a computer with position signals.

The accuracy of the sonic sensors used in these sys-
tems and their response to the changes in the speed of 60
sound has generated much concern. The deterministic
effects of the speed of sound in an environment is
caused by changes in temperature and humidity, and by
air turbulence. For accurate measurements, the speed of
sound must be known at all times and the path travelled 65
by the signal must be linear. Because it is difficult to
maintain an homogenous environment within a given
work area, calibration techniques have been devised.
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The most common technique employed has been to
estimate and to average time of flight measurements.

Gilchrist discloses the use of a reference correction
transmitter and a scale correction technique to compen-
sate for the changes in the speed of sound while calibrat-
ing the system. One disadvantage of this and similar
techniques is that they require a separate transmitter to
account for the changes in the speed of sound. Other
disadvantages include requiring a controller device to
determine the distance between the transmitters and
receivers, and a reference receiver with dedicated cir-
cuitry to correct for the changes in the speed of sound.

Another technique used to increase the accuracy of
the distance of a target point includes calculating the
phase shift between the transmitted and received sig-
nals. Such a method is disclosed in U.S. Pat. No.
4,752,917, issued to Dechape. Dechape discloses a phase
measurement technique that compares the phase of the
transmitted signal to the phase of the received signal,
and combines this resultant signal with rough time of
flight measurements to refine the position of a target
point. While Dechape seems to have solved part of the
accuracy problem, it does not account for changes in
the speed of sound or the speed of sound’s deterministic
effects on the accuracy of the position of the target
point. |

Accordingly, what is needed is a detection means and
method which provides an inherent self-calibration
technique that eliminates the speed of sound as a neces-
sary variable, while determining the coordinates of a
point of interest in an m-dimensional coordinate system.
The present invention meets these needs.

SUMMARY OF THE INVENTION

- The present invention relates to a position detecting
system and method which provides an inherent self-
calibration technique that eliminates the speed of sound
as a necessary variable while determining the coordi-
nates of a point of interest in an m-dimensional coordi-
nate system.

‘The system comprises ‘an ultrasonic transmitter,
mounted on a mobile point of interest in an m-dimen-
sional coordinate system for transmitting a periodic
sound, and a plurality of ultrasonic receivers, optimally
placed within the coordinate system wherein the num-
ber of receivers are at least m plus two for receiving the

sound transmissions. For example, in a three-dimen-

sional system, five receivers are used. The system also
includes analyzing means operably associated with each
receiver to generate measurements relating to the dis-
tance between the transmitter and each receiver. Ana-
lyzing means uses these measurements to eliminate the
speed of sound as a necessary variable, and to identify
the location of the point of interest. The analyzing
means preferably includes a controlling means and a
computing means. The controlling means generates
time of flight measurements relating to the time be-
tween transmission of the sound and reception of the
sound by respective receivers indicative of their respec-
tive distances. The computing means processes the dis-
tance measurements to eliminate the speed of sound as a
variable and to compute the location of the point of
Interest.

Also provided is a method using linear matrix formu-
lation to optimally configure the location of the receiv-
ers within the coordinate system.
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In the preferred operation, a strobe is generated and
sent by the strobe means to the transmitter whereby a
sound 1s transmitted by a transmitter associated with a
point of interest in three-dimensional space. The sound
i1s received by each receiver and processed by the con- 5
trolling means to generate time of flight information,
which is sent to the computing means to compute the
position of the point of interest.

The system also preferably includes the ability to
determine the phase shift between the transmitted and 10

received sounds, and to combine the determined phase
shift with time of flight measurements to refine the
accuracy of the position of the point of interest. Specifi-
cally, a strobe is sent by the strobe means to both the
transmitter and the controlling means to initiate a sound !°
transmission and to inform the controlling means when

a sound transmission has been made, respectively. A
pulsed sync is sent to the controlling means for compar-
ison with the sound transmission received by the ana-
lyzing means to determine the phase shift of the sound 20
transmission. Thereafter, the phase shift and the time of
flight measurements are combined by phase detection
means of the controlling means to determine with
greater accuracy the position of the point of interest.

Another benefit of the present invention is to provide
a method for determining the optimum configuration
for the locations of m plus 2 receivers.

Other advantages and benefits of the features of the
present invention will be apparent to those skilled in the 10
art from the following detailed description of a pre-
ferred embodiment of the invention.

BRIEF DESCRIPTION ON OF THE DRAWINGS

FIG. 1 is a system diagram of the present invention 15
showing a transmitter and a plurality of receivers in a
coordinate system;

FIG. 2 1s a system block diagram of the present inven-
tion;

FI1G. 3 is a block diagram detailing an analyzing 40
means of the present invention:

FIG. 4 1s a system diagram of the present system
configured for use for tracking an end effector of a
robotic manipulator;

FIGS. 5A and $B are illustrations of a received signal 45
before and after automatic gain control processing;

FIGS. 6A and 6B are illustrations of a received signal
before and after reflection-rejection processing;

FIG. 7 shows the location of receivers on a plane for
a non-singular matrix A; and 50

FIG. 8 shows an optimum receiver configuration in
the present coordinate system.

DETAILED DESCRIPTION OF THE
INVENTION

Referring now to FIG. 1, a three-dimensional coordi-
nate system 1s shown containing the present position
detecting system 10. The system 10 is an ultrasonic
ranging system (URS) comprising an ultrasonic trans-
mitter 12 and preferably five optimally positioned ultra- 60
sonic receivers 14. The transmitter and receivers are
preferably 40kHz ultrasonic transducers manufactured
by Massa Corporation and have a wide beam operating
cone of 90 degrees for greater receiving and transmit-
ting ranges in the coordinate system. As seen in FIG. 1, 65
transmitter 12 is mounted on a point of interest 16 that
1s mobile in all directions within the coordinate system.
The point of interest 16 can be an end-effector of a robot

23
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manipulator as seen in FIG. 4 or an autonomous guid-
ance vehicle as described below.

The receivers 14 are fixed to an inertial frame of
reference throughout the coordinate system and partic-
ularly positioned thereon to obtain an optimum receiver
configuration. During reception of the sound by each
receiver 14, the sound, an ultrasonic sound wave, gener-

ates pressure vibrations on each receiver 14 which con-
verts the sound into an electrical pulse signal (hereinaf-
ter also referred to as sound). The sound is then ampli-

fied by amplifiers connected to each receiver and pro-
cessed to provide time of flight (TOF) measurements.
As commonly known, many different waveforms may
be used to measure the TOF of a signal. The most
widely used waveforms are sinusoidal waves, square
waves of various widths, and frequency and amplitude
modulated waveforms. The waveforms preferred for
use 1 the present system is a sinusoidal burst or pulse of
short duration. |

FIG. 2 is a system block diagram of the present inven-

tion showing a first amplifier 20 connected to the output

of signal generator 22 which provides a signal that initi-
ates a sound to be transmitted in the coordinate system.
First amplifier 20 is connected to a signal generator 22
and transmitter 12 to provide an amplified signal to the
transmitter 12 which is transmitted and received by
receivers 14. Not shown is strobe means which is opera-
bly connected to the signal generator 22 and analyzing
means 30 for supplying the transmitter with a strobe 26
to initiate the transmission of the sound and to provide
the analyzing means 30 with an indication of when the
sound 1s transmitted.

Operably associated with each receiver 14 is an ana-
lyzing means 30 to generate measurements relating to
the distances between the transmitter and each receiver,
and to use these measurements to eliminate the speed of
sound as a necessary variable. As can be seen below, the
speed of sound is indirectly measured and eliminated
from the calculations as a variable that must be known.
Analyzing means 30 also identifies the location of the
point of interest 16. The analyzing means 30 includes a
controlling means 32 and a computing means 34. The
controlling means 32 generates TOF measurements
relating to the time between transmission of the sound
and reception of the sound by respective receivers in-

dicative of their respective distances. The computing

means 34 processes the distance measurements to elimi-
nate the speed of sound as a variable and to compute the
location of the point of interest.

In the alternative embodiment, the number of con-
trolling means 32 used in the system equals the number
of receivers 14 and each controlling means 32 is con-
nected to strobe means 28 and its own dedicated re-
ceiver 14 for processing the received sound and for
generating distance measurements. As in the preferred
embodiment, computing means 34 is operably associ-
ated with each controlling means 32 for using measure-
ments of the distance between the transmitter and each
recetver to eliminate the speed of sound as a variable
and to compute a location of the point of interest.

Analyzing means 30 also includes a second amplifier
36 for amplifying the received sound before signal pro-
cessing and a variable gain amplifier 38 for further am-
plification before being detected by peak detection
means 40. The identification of the *“‘correct” sound is
accomplished by amplifying the maximum amplitude of
the received signal and by attenuating subsequent re-
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flected signals in the coordinate system until the analyz-
ing means 30 is reset by another sound transmission.
The automatic gain controller 42 as shown in FIG. 3
performs a signal processing technique used by the
system 10 to assist in identifying the correct sound. The
automatic gain controller 42 takes feedback from peak
level device 44 to provide consistent quality of the
shape of the envelope of the received signal for accurate

signal processing, and for increasing the range of mea- -

surable distances between the transmitting and receiv-
ing transducers 12 and 14, respectively. |

More particularly, the automatic gain controller 42
tries to maintain the magnitude of the amplified ampli-
tude at a desired value. This desired value is decreased
by adding the TOF pulse to it, effectively attenuating
the signal immediately after the peak is detected. The
- automatic gain controller 42 includes a variable gain

10

15

amplifier 38, peak level device 44, and a summer 46 as

shown in FIGS. 2 and 3. | |

The advantages of using the automatic gain control-
ler 42 are shown in FIGS. 5A and 5B. The sound re-
ceived by receivers 14 is usually too weak to process,
and occasionally yields unreliable signal information.
Even though a stronger signal could be achieved by
adjusting the variable gain amplifier 38 of the analyzing
means 30, reliable processing over a long range remains
at a minimum. However, by using automatic gain con-
troller 42, effective sonically measurable displacements
are increased and reliably measured. Automatic gain
controller 42 also enables reliable processing for mis-
alignment angles up to =40 degrees between the trans-
mitter and any given receiver. The variable gain ampli-
fier 38 can be adjusted by increasing the feedback value
to vary the amplitude in order to selectively allow de-
tection of signals having different amplitudes. In other
words, the variable gain amplifier tries to amplify its
input to equal a reference value.

The peak level device 44 includes a sample and hold

circuit 44a and low pass filter 445 as shown in FIG. 3.

The sample and hold circuit 44a samples in response to
the time of arrival (TOA) pulse and holds the amplitude
of the envelope peak at its sampled level. The signal is

then sent to the low pass filter 445 to smooth the peak

20

23

30

35

reference of the envelope of the signal and to eliminate

noise spikes that may cause false time of arrival detec-
tions. The peak level device 44 is responsible for setting
a threshold level and is instrumental in performing a
signal detection technique called thresholding. During
thresholding, the received signal is compared with the
threshold level such that the arrival of the transmitted
sound is acknowledged when the amplitude of the sig-
nal reaches or exceeds this level.

The analyzing means 30 further includes peak detec-
tion means 40 which detects the peak of the maximum
amplitude of the envelope of the received signal. The
peak occurs at a time known as the rough time of arrival
(RTOA) and is used to generate a rough estimate of the
TOF (RTOF). As seen in FIG. 3, peak detection means
40 consists of an envelope detector 50, a differentiator
S2a, zero crossing detector 52b, and a peak indicator 54.
The envelope detector 50 provides an envelope of the
received signal, and differentiator 52a, zero crossing
detector 526 and peak indicator 54 acknowledge the
arrival of the signal when the maximum amplitude of
the envelope is detected. Detection is dependent upon
the shape of the envelope, not the absolute magnitude of
the pulse, which means that the threshold level deter-
mined by peak level device 44 is adjustable. This signal

43

50

33

65

6

detection technique is an extension of thresholding
known as adjustable thresholding. After the maximum

amplitude of the signal is detected, the threshold level

or zero crossing level is determined by differentiator
52a. Differentiator 52a differentiates the detected enve-
lope to turn the time of the maximum envelope ampli-
tude into a time when zero crossing occurs. The zero
crossing detector 52b effectively detects when the peak
of the envelope occurs. After detection has occurred,
the peak indicator 54 emits a pulse to the peak level
device 44 and to the TOF generator 56 indicating that
the TOA of the signal has been obtained.

The TOF generator 56 combines RTOA information
with strobe 26 sent by strobe means 28 to generate
RTOF measurements of the transmitted sound. The

measured RTOF pulse is sent to summer 46 of the auto-

matic gain controller 42 and is combined with the out-
put of the peak level device 44 which is fed into variable
gain amplifier 38 for continued signal processing and
monitoring of the previously transmitted sound. This
process continues until each receiver 14 is reset by a
new sound transmission.

Another technique employed by the present system
10 in overcoming the problem of faulty signal detection
1s called signal reflection-rejection. Signal reflection-
rejection is used to attenuate unwanted and reflected
signals. The reflections of a sound wave before signal
reflection-rejection and the effects after signal reflec-
tion-rejection technique is shown in FIGS. 6A and 6B.
As seen, without signal reflection-rejection, reflected
signals would be interpreted as additional receptions of
different sound transmissions which would lead to
faulty signal processing and erroneous location informa-
tion.

Controlling means 32 also includes phase detection
means 48 which is operably associated with the strobe
26 and each receiver of controlling means 32 to the
relative phase displacement of the transmitted sound.
The measured phase displacement is used to adjust the
arrival time of the envelope peak, i.e., phase measure-
ments are used to adjust the TOF within the cycle in
which the peak is detected. In addition, TOF measure-
ments and phase displacement measurements are com-
bined to provide more accurate distance measurements.

Computing means 34 may be a 386 (MHz) IBM-com-
patible personal computer or the like equipped with an

1/0 card providing two 16-bit counters per receiver

and additional 1/0 ports. The counter cards 58 and a
40kHz pulsed sync are used to synthesize the strobe 26.
Counter cards 58 include a SMHz crystal oscillator for
providing the necessary stability in obtaining precise
phase measurements. The precision of phase measure-
ments is determined by the accuracy of the crystal oscil-
lator used to create the transmitted signal and the accu-

racy of the phase measurement technique used. Crystal

oscillators are adequate to create sufficiently accurate
signals to drive the transmitter, or at least, they are
adequate for periods of time many orders of magnitude
longer than the time required to perform various rang-
Ing operations. Strobe 26 is used to initiate the transmis-
sion of a sinusoidal burst, and is combined with a rough
time of arrival (RTOA) signal emitted by the peak indi-
cator 54 to provide a rough time of flight (RTOF) signal
which is read into a designated counter having 1MHz
resolution. Computing means 34 also includes software
modules 60 wherein monitoring, computing and gener-
ating of desired information are performed. The mod-
ules 60 consist of TOF monitor 62, phase monitor 64,
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sirobe generator 66, sync generator 68, and a three
dimensional position calculation device 70.

As will be shown below, receiver locations must be
known to formulate a receiver location matrix A for
finding the location of the point of interest 16. This is 5
achieved during the installation or calibration process.
However, the present system 10 can also be used to find
the exact location of all of the receivers simultaneously.

The present invention performs a triangulation opera-
tion using linear matrix formulation to triangulate the
location of the point of interest 16 after the sound has
reached the receivers 14 fixed to the frame of reference.
Triangulation operation calculates the position of a
transmitter 12 by the intersection of spheres using time
of flight information as seen in FIG. 7. The formulation
uses a set of linear equations wherein each equation
describes the distance obtained from TOF measure-
ments between a receiver and the transmitter. Placing
the transmitter at the coordinate (u,v,w) and placing the
i receiver at the coordinate (X;,vi,2)), the distance from
the transmitter 12 to the receiver 14 is defined as

10

15

20

7= (xi— 12+ (yi— V)2 + (2 — w)> (1)

Upon expanding the square terms and making the fol- 25

lowing substitutions

30

r:2=xt'2+y:2+212 (3)

17 =s%(tj— 1) (4)

the following equation is obtained 35

1.2 Yuxs
(f:"'"fd)2=_:2"'+§'— :;I —

2uy; 2wz; (5)

2 g

40
where s is the speed of sound, and t;is the rough time of
flight (RTOF) of the pulse emitted by the transmitter 12
(or adjusted by the phase for improved accuracy) and
sensed by the receiver 14 and t;is a measurement vector
representing the time of flight of the sound emitted by 45
the transmitter and received by the corresponding re-
ceiver. Alternatively, t; can be the adjusted time of
fhght, using the measurement of phase for improved
accuracy. Time delay (tg) is a constant delay term that
incorporates delays from the electronic circuitry used
to condition the sound at the receiver, delay inherent to
the sound detection method to acknowledge reception
of the sound at the receiver, and acusto-electro-
mechanical delay associated with the transducers. The
time delay (ty) can be measured experimentally using
the system, and is assumed known for any given system.

Equation (5) can be applied to multiple receivers and
further arranged to be used to determine the coordi-
nates of the point of interest 16, and to install and cali-
brate the system. When used to determine the coordi-
nates of the point of interest 16 with respect to the
inertial frame of reference of the fixed receivers 14,
RTOF measurements of a sound are taken as it travels
from the transmitter 12 to each receiver 14. The mini-
mum number of receivers to give a solution is five, but
more may be used for higher accuracy, in which case a
least square estimation is used. ‘Equation (5) may be
written 1n the following form to define matrix A

50

535

65

8
(6)
(- 12| |1n?2x 2 22 %
(1 — 1g)° 1 % 2x3 217223 || 4
2
_ —u
2
—V
2
(tn = 127 | |1 ra? 20 2pm 222 || =5

The above matrix equation (6) can be written in the
following vector form
p=(ATAH-1AT™M (7)
where M is the measurement vector, A is the receiver
location matrix, and p is the unknown vector. If more
than five receivers are present then the following least
square estimate may be used
p=(AT4)~1AT™M (8)
Equation (6) can be solved for the unknown vector
on the right to obtain estimated values for the speed of
sound s, the coordinates of the transmitter (u,v,w), and
the sum of the squares of the coordinates of the trans-
mitter p2. The estimated values may be compared to the
sum of the squares of the coordinates of the transmitter
to verify the values obtained. Using the above formula-
tion, the speed of sound is estimated at every ranging
operation and is therefore continuously calibrated
thereby eliminating the speed of sound as a variable thus
minimizing errors due to fluctuations in the speed of
sound.

It should be appreciated that equation (7) may be
solved for pu only if matrix A has a rank of five, and
when using five receivers if matrix A is non-singular,
l.e., the determinant of A is non-zero when using five
receivers. To ensure linear independence of the col-
umns of matrix A in m-dimensional space and to avoid
matrix A from becoming singular the following rules
must be adhered to:

a) the minimum number of receivers used must be
five;

b) any five receiver locations cannot be on the same
plane; | |

c) four receiver locations may be on the same plane as
long as the fourth point does not lie on the circle de-
scribed by the first locations;

d) three of the four receiver locations may be collin-
ear; and

e) if the fourth point is not on the plane described by
the first three points, then the fifth point cannot be on
the sphere described by the first four points.

Before operation of the system 10, installation (or
calibration) of the system must be performed in order to
find the exact location of the receivers. Installation is
performed by moving the transmitter to known coordi-
nates of the inertial frame of reference and by measuring
the TOF to each receiver. The minimum number of
receivers required to eliminate the speed of sound as a
variable 1s five but more receivers may be used in which
case a least squares estimation is done. This procedure
gives the location of all the receivers stmultaneously
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and allows the user to place the receivers anywhere in
the coordinate system.

By performing an installation operation, the receiv-

ers’ coordinates are determined with the same degree of 5

accuracy as the ultrasonic ranging system and of the
motions of the transmitter during installation.

To install the present system, equation (5) may be
written in the following matrix form which corresponds
to k positions of the transmitter

%)

rj'z

(1 — 19)? 1 p12 2uy 2v; 2w =
(12 = 1) 1p2? 2u3 2w 2wy || 1 '
ﬂ .
2

—yi
2

(th — tg)? 1 pi? 2uy 2vi 2wi || =2
2

wherein a measurement vector (tj, ta, ..., t) repre-
sents the time of flight of the sound emitted by the
transmitter 12 and received by the r; receiver and ty
represents the time delay inherent in the system. (uj, vy ,
Wi, ... Uk, Vi, Wk) represents the coordinates of the trans-
mitter in three-dimensions. Vector p? represents
u?+v2+w2 which is a square of the coordinates of the
transmitter 12, and vector r? represents x2--y2--z2
which is a square of the coordinates of the receiver 14.
Equation (9) may be written for each receiver located at
(Xis ¥is Wi). '

Equation (9) can be solved for the vector on the right,
thus obtaining a measured value for the speed of sound
s, the coordinates of the receiver (x;, y;, Z;), and the sum
of the squares of the coordinates of the receiver rz,
which may be used as a way to verify the measured
values obtained above. |

The present system may be modified for use with
guidance of autonomous vehicles (AGVs) in a given
work area. AGVs generally move in one plane, i.e.,
along the floor and therefore do not move in or nor-
mally allow for measurement in three dimensions, a
modification to matrix equation (9) has been made so
that no more than four AGYV locations are required to
solve the set of linear equations, and to give the location
of the receivers in three dimensions. Referring to equa-
tion 5, w is set to zero since the transmitter 12 mounted
on the AGV moves only in two dimensions. The modi-
fied equation is therefore '

n.! i 2 . -.2pyl+ (10)
Y R _ 2uxi Wi
e e

and the matrix formulation for use of the modified equa-
tion to perform installation or calibration is:
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10
(11)
_ r2
(1) — 1g)? 1 p12 2u; 2v 5

(- | f1p22u2nlf 1
2
- y
2

(1 — t3)? I pi® 2uy 2w §| 22
- 2

where (u,v) are the positions of the transmitter 12 on
one plane, i.e., w=0, and the coordinates of the receiv-
ers are (x,y,z,). The z coordinate of the receiver 14 is
determined after calculating s, x and v using the follow-
ing eguation

(12)

zj = J "12 — xfz — J":2

The drawback in using the modified equation (11) is
that no extra equation is available to use for verifying
the values calculated. In other words, when equation

'~ (3) was used earlier, the value of r2 was employed as a

way to check the values obtained for x, vy and x.

A method to determine the location of the receivers
12 on a plane for a non-singular matrix A within the
coordinate system is also taught by the present inven-
tion. Referring to FIG. 7, any arbitrarily chosen non-
collinear three points define a circle on a plane. It does
not matter where these three points lie since the points
always define a plane in the inertial frame of reference.
Assuming that the points represent receiver locations
and are on the plane z=o0, and that the transmitter is
located at (u,v,w), the location of the receiver can be
found. Range measurements taken from the transmitter
12 to each of the three receivers 14 defines two points
where the sphere’s radii, which are proportional to their
respective measured RTOF’s, intersect. These points
are mirror images of each other with respect to the
plane containing the receivers. The distance from the
transmitter 12 to each receiver is given by equation

li=st; (13)
where 1; is the distance from the transmitter 12 to the
receiver 14, s is the speed of sound, and t;is the RTOF
minus the time delay ts. However, using only three
receivers, the location of the transmitter 12 remains
unknown. |

As the RTOF’s for each receiver 14 to the transmitter
12 1s multiplied by the speed of sound s, a point repre-
senting the position of the transmitter is defined for each
value of s. As shown in FIG. 7, by varying s, a number
of points are obtained that define a curve obtained for
circle 1 along which the transmitter 12 may be located.
Adding additional receivers on the circle defined by the
first three would not generate any new information
regarding the speed of sound or produce the actual

location of the transmitter; it would only generate addi-

tional points on the original curve. But, by placing the

fourth receiver at a point such that it is on the same
‘plane but not on circle 1, which is described by the first

three points, another unique circle, circle 2, on the plane
2=0 18 defined.

Therefore, by varying s and using three receivers,
curve 2 is generated along which the transmitter may
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lte. The intersection of curves 1 and 2 obtained from
circles 1 and 2, respectively, defines two points, which
are mirror images of each other and are located on
either side of the plane z=0, that represent the location
of the transmitter 12. Placing a fifth receiver 14 off the
plane as described by the first four receivers 14 and
once again using the above method defines a unique
location for the transmitter. In addition, using the equa-
tion l;=st; (13), the speed of sound can now be calcu-
lated.

An alternate configuration of the receivers to deter-
mine the location of the transmitter and to obtain range
measurements by varying the speed of sound includes
positioning the fourth point such that it is not positioned
on the plane described by the first three points. This
configuration defines a unique sphere. The fifth point
should not be on this sphere since no new information
would be generated. With the fifth point being off the
sphere, it is taken in conjunction with any other three
points to define a new sphere. This sphere generates a
new curve on which the transmitter may be located and
the intersection of the two curves pin-point the exact
location of the transmitter and indirectly determine the
speed of sound.

Even though a method has been disclosed for deter-
mining the positions of the receivers, a more precise
method to determine receiver location or an optimum
configuration for receiver location is also taught by the
present invention. Unlike the previous discussions
where the determining conditions used to chose re-
ceiver locations required that matrix A does not become
singular, or maintains a full rank, the optimum configu-
ration method yields a matrix A such that u’s projec-
tions onto the columns of A describe M with the best
resolution possible. This method is disclosed under the
general term Geometric Dilution of Precision (GDOP)
in work related to the NAVSTAR Global Positioning
System (GPS).

The columns of matrix A will be completely indepen-
dent of each other if they are orthogonal to each other.
However, obtaining an orthogonal base is not always
feasible. Matrix equation (7)

where M is the measurement vector, A is the receiver
location matrix, and p is the unknown vector and the
projection on the column space of matrix A, would be
optimal 1f the projections of the columns on each other
are the same and are minimum. This leads to the crite-
rion that if the dot products of each two columns of A
s the same, and is minimum, then the optimum receiver
location configuration is obtained.

Letting the columns of the receiver location matrix A
be denoted by vectors V), Vi, V3, V4 and Vs, the fol-
lowing equations are obtained to meet the criteria of
optimality:

Vi. V2=V V3=V V4=V Vs=V1 V3=V3.
V4=V V§=V3. V4=V3. Vg=V4 Vs

From the above equations, nine independent equa-
tions can be obtained which have fifteen variables, i.e.,
X,¥,Z, in three dimensional space. For the five receiver
locations, six of the variables can be defined. By choos-
Ing two arbitrary receiver positions in space, V (0,0,0)
and V3 (1,0,0), and solving the nine equations numeri-
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cally for V3,Vaand Vs, an optimum receiver configura-
tion is obtained.

In the operation of the preferred embodiment, strobe
means 28 of the system 10 generates a strobe 26 which
1S sent to signal generator 22. The strobe 26 causes a
signal to be generated which is amplified by first ampli-
fying means 20 which causes a sound to be transmitted
by transmitter 12. The receivers 14 in the coordinate
system receive the sound and the analyzing means 30
detects the reception of the transmitted sound. The
detection method used is adjustable thresholding which
is effectively a detection of the zero crossing of the
derivative of the envelope of the received sound. When
the maximum amplitude of the sound occurs, signal
detection will occur and RTOA pulses are created.
RTOA pulses are then combined with strobe 26 to
generate RTOF pulses which are read into dedicated
counter 52 for determining the position of the point of
interest 16.

RTOF measurements are estimated for each receiver
14 according to the following equations:

ti=n®* T (15)
where: t; is the modified rough time of flight, T is the
period of the transmitted sound, and n; is the integer
number of periods T contained in the RTOF:.

In other words, using the following equation, RTOF
and phase measurements yield TOF measurements
where:

TOF=(tj+Tpm)—td (16)
™m,1 1s the phase difference

tq1s the delay estimated for the system at the calibra-
tion stage. For example if n;=10, Tm,i=0.62, t;=0.1
and T=1 and using equation (15), t; would be equal to
10. Substituting 10 for t;into equation (16), TOF would
be equal to 10.52.

The position of the point of interest is displayed on
display means which is connected to analyzing means
30.

Thereafter, as in the case of a single sound transmis-
sion wherein reflected sounds are subsequently re-
ceived, the feedback is raised to a value equal to the
maximum amplitude of the last envelope detected of the
sound plus five volts from the TOF generator. This
effectively fools the variable gain amplifier into think-
Ing that its output is too high and produces a large
reduction in amplication, thus rejecting reflections. This

- is performed by the automatic gain controller 42.

93

65

As stated above, equation (15) is used to generate
RTOF measurements which is equivalent to TOF mea-
surements without fine tuning with the higher resolu-
tion phase measurement.

In an alternate embodiment of the present system,
RTOF measurements are combined with phase mea-
surements for more accurate and refined position infor-

‘mation of a point of interest 16. A strobe 26 is sent to

signal generator 22, for initiating a sinusoidal burst sig-
nal for generating a sound that is to be transmitted by
transmitter 12. A strobe 26 is also sent to phase detec-
tion means 48 for comparing the sound received by
receiver 14 with the sync pulse to generate phase mea-
surements. Thereafter, the RTOF measurements, gener-
ated as above, and the phase measurements are sent to
their respective dedicated counters 62 and 64 to calcu-
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late and refine position information of a point of interest
16.

The present system can also be adapted to measure
the velocity of a point of interest in three dimensions.
Using the system’s phase measurement circuitry, a few
of the wavelengths are gated in order to compare the
sounds wavelengths with the wavelengths of the sync.
The measured wavelengths of the received signal may
be input into a designated counter to measure the fre-
quency. Using this information, and the principle of the
Doppler Shift, the velocity of the point of interest can
be calculated as follows. |

First, the coordinates of the transmitter (point of
interest) are determined using the system. Let 8;= Wi,
Myi, 1z unit vector from the transmitter to receiver 1,
calculated from the positions of the transmitter and the
receiver I.

vi=v.B;=velocity component of the transmitter
along B; expanding the terms in the above equation,

Vi=Vx. Rxit+Vy Wpit vz iz (14)

- v;1s measured by the Doppler Shift,

where s is the speed of sound, f is the frequency of the
transmitted signal, and f; is the frequency measured at
the receiver i. |

Equation (14) may be written for three or more re-
ceivers, thus determining the three components of the
velocity of the point of interest (transmitter). If more
~than three receivers are involved in this calculation,
then a least squares estimate of the velocity is obtained.

Another embodiment of the present system includes
determining the coordinates of multiple target points.
This can be achieved using one of two methods. The
first method can determine the coordinates of the multi-
ple target points simultaneously. This method requires a
transmitter to be attached to each target point. Each
transmitter must have a different signal frequency than
that of the others. This can be done with wide band
receivers. Upon simultaneous excitation, the transmitter
simultaneously transmits a sound in the coordinate sys-
tem whereby the coordinates of each target point are
simultaneously determined as previously described.

The second method determines the coordinates of
each target point sequentially. As above, a transmitter 1S
attached to each target point. However, because the
signals from each transmitter are serially transmitted,

there is no requirement that each transmitter have a
different signal frequency.

~The coordinates of each transmitter are sequentially
determined using the system and methods described
above. |
What 1s claimed is:

1. A position detecting system for determining the

coordinates of a point of interest in a m-dimensional
coordinate system, comprising:

a) a transmitter associated with the point of interest
for the transmission of a sound in the coordinate
system; -

b) a plurality of receivers.each having a known loca-
tion, the number of receivers being at least m plus
two, for receiving the sound transmission:

C) analyzing means operably associated with the re-
ceivers to generate measurements relating to the
distances between the transmitter and each re-
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cetver and using such measurements to eliminate
the speed of sound as a necessary variable, and to
identify the location of the point of interest.

2. The system of claim 1 wherein the analyzing means
Includes a controlling means for generating time of
flight measurements relating to the time between trans-
mission of the sound and reception of the sound by the
respective receivers indicative of the respective dis-
tances and computing means for processing the distance
measurements to eliminate the speed of sound as a vari-
able and computing the location of the point of interest.

3. The system of claim 1 wherein the analyzing means
includes a plurality of controlling means each operably
connected to the transmitter and respective receivers to
generate the distance measurements and computing
means operably connected to each controlling means
for combining the distance measurements to eliminate
the speed of sound as a variable and to compute the
location of the point of interest.

4. The system of claim 1 further including strobe
means operably connected to the transmitter and ana-
lyzing means for supplying the transmitter with a strobe
to imtiate the transmission of the sound and provide the
analyzing means with an indication of when the sound is
transmitted.

5. The system of claim 3 further including strobe
means operably connected to the transmitter and each
controliing means for supplying the transmitter with a
strobe to initiate the transmission of the sound and pro-
vide each controlling means with an indication of when

the sound is transmitted.

6. The system of claim 2 wherein the controlling
means includes amplifiers connected to each receiver
for processing and amplifying a signal generated by the
receivers.

7. The system of claim 1 wherein the transmitted
sound is a sinusoidal short duration signal generated by
a strobe means.

8. The system of claim 2 wherein the analyzing means
further includes phase detection means operably associ-
ated with the transmitter and receivers for measuring
the relative phase displacement of the transmitted
sound.

9. The system of claim 8 wherein the time of flight
measurements and the phase displacement measure-
ments are combined to provide the distance measure-
ments.

10. The system of claim 1 further including display
means connected to the analyzing means for displaying
the position of the point of interest.

11. The system of claim 1 wherein the position of the
point of interest is determined by a linear matrix formu-
lation of a vector form.

(1 = | 11 n22x 2y 22

1 2 2x3 237 229

z
(12 — 14)? 1
2

!

(ty — fd)z ] rnz 2Xp 2yp 22
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wherein a measurement vector (t;, ta, ..., t,) represents

the time of flight of the sound emitted by the transmitter

and received by r, receivers;
receiver location matrix (X1, ¥1, Z1, ... Xn, Yn, Zn) repre-
sents the coordinates of the receiver in threedimen-
s1ons;
(u, v, w) represents the coordinates of the transmitter
in three-dimensions:

vector p? represents u2-v2+4 w2 which is a square of

the coordinates of the transmitter:
vector r? represents x2+y2+z2 which is a square of
the coordinates of the receiver; and

10

td represents a time delay inherent in the system so

that the formulation is solved for the vectors (u, v,
w) and p? and s2.

12. The system of claim 11 wherein the linear matrix
formulation further includes comparing the solved for
vectors to a sum of the coordinates of the transmitter as
a check value.

13. A position detecting system for determining the
coordinates of a point of interest in a m-dimensional
coordinate system, comprising: |

a) a transmitter mounted to the point of interest for
transmitting a sound in the coordinate system:

b) a plurality of receivers, the number of receivers
being at least m plus two for receiving the transmit-
ted sound and producing a signal indicating the
reception of the transmitted signal;

c) strobe means operably connected to the transmitter
for supplying the transmitter with a strobe to initi-
ate the transmission of the sound:

d) a plurality of controlling means equalling the num-
ber of receivers, the controlling means connected
to the strobe means and respective receivers to
process the signals and to generate measurements
relating to a distance between the transmitter and

~each receiver; and |

€) computing means operably associated with each
controlling means for using measurements of the
distance between the transmitter and each receiver
to eliminate speed of sound as a variable and com-
pute a location of the point of interest.

14. The system of claim 13 wherein each controlling
means generates time of flight measurements relating to
the time between transmission of the sound and recep-
tion of the sound by the respective receivers indicative
of the respective distances.

15. The system of claim 13 wherein each controlling
means includes an amplifier connected to its respective
receiver for processing and amplifying a signal gener-
ated by the receivers. |

16. The system of claim 13 wherein each controlling
means further includes phase detection means operably
associated with the strobe and its respective receiver
measuring the relative phase displacement of the trans-
mitted sound. |

17. The system of claim 16 wherein the time of flight
measurements and the phase displacement measure-
ments are combined to provide the distance measure-
ments.

18. The system of claim 13 wherein each controlling
means includes automatic gain control means for pro-
viding consistent sound quality in the transmitted sound
received by the receiver;

peak detection means connected to automatic gain
control means for detecting the peak of the ampli-
fied sound and determines a sound threshold level:
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subsequent peak attenuation means connected to the
peak detection means and the automatic gain con-
trol means for receiving and attenuating the de-
tected peak sound and for supplying the automatic
gain control means with an attenuated detected
peak sound;

peak level means connected to the automatic gain

control means and the peak detection means for
maintaining the detected peak sound at a predeter-

mined level and supplying the detected peak sound
to the automatic gain control means; and
reflection-rejection means for attenuating reflected
sounds that may erroneously cause multiple com-
putations from a single sound transmission.

19. A method for determining the coordinates of a
point of interest in a m-dimensional coordinate system,
comprising the steps of:

a. positioning a transmitter on the point of interest;

b. transmitting a sound pulse with the transmitter:

c. providing a plurality of stationary receivers, the
number of receivers being m plus 2 for receiving
the transmitted sound;

d. generating distance measurements from time of
flight measurements relating to the time between
transmission of the sound and reception of the
sound by respective receivers; and

e. computing the location of the point of interest
eliminating speed of sound as a variable using the
distance measurements.

20. The method of claim 19, further comprising the

steps of:

a. defining initially the coordinates of a reference
point of interest;

b. transmitting the sound pulse with the transmitter:

c. receiving the sound pulse with the receivers;

d. computing the location of the reference point of
interest; and

e. calibrating using the defined coordinates and the
computed location.

21. The method of claim 19 further comprising the

' steps of:

45
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a. measuring the relative phase displacements be-

tween the transmitter and each receiver; and

b. combining the measurements of the phase displace-

ments with respective measurements from the time
of flight measurements to provide distance mea-
surements between the transmitters and the receiv-
ers.

22. A method for determining the coordinates of a
plurality of receivers in a m-dimensional coordinate
system wherein the number of receivers being m plus 2,
and using euation

M=Apu

where M is the measurement vector, A is the receiver
location matrix denote by vectors Vj, Vs, Vi, Va
and Vsand p is the unknown vector and projection
on the column space of the matrix A, comprising
the steps of:

a. obtaining resultant vector dot product equations
and variables from matrix A;

b. defining values for two vectors; and

C. mserting those values into nine equations and solv-
ing the nine equations numerically for the remain-
ing three vectors.
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23. A method for determining the coordinates of n

| _ 5
receivers during installation and calibration of the sys-

tem by:
10

(a) placing the transmitter at k known locations:

(b) performing a ranging operation for each location: 5

and

(c) using the following equation for each receiver

location (X, y;, z;) to determine each receivers co-

25
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2

r;

(= )] |1 22 2u) 2v; 2w 3

(r2 — 13)? 1p?2ua 2w 2wy || 1
2

l

(tk — 1 | |1 pa® 2uk 2k 2wi || =2

wherein a measurement vector (ti, Ty, ..., tx) repre-

sents a time of flight of the sound emitted by the
transmitter and received by the r; receiver and tg4
represents a time delay inherent in the system; s
represents the speed of sound; (uj, vy, wy, . .. ug
Vi, Wk) represents the coordinates of the transmit-
ter 1n three-dimensions; vector p? represents
u?-+v2+ w2 which is a square of the coordinates of
the transmitter, and vector r2 represents

x4+ y2+22 which is a square of the coordinates of

the receiver. -
% *_ x * Xk
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